Laser tweezers Raman spectroscopy was used to detect the cellular response of Escherichia coli cells to penicillin G-streptomycin and cefazolin. Time-dependent intensity changes of several Raman peaks at 729, 1,245, and 1,660 cm ؊1 enabled untreated cells and cells treated with the different antibiotic drugs to be distinguished.
Laser tweezers Raman spectroscopy was used to detect the cellular response of Escherichia coli cells to penicillin G-streptomycin and cefazolin. Time-dependent intensity changes of several Raman peaks at 729, 1,245, and 1,660 cm ؊1 enabled untreated cells and cells treated with the different antibiotic drugs to be distinguished.
Laser tweezers Raman spectroscopy (LTRS) is unique among emerging technologies in its ability to assess the composition of single, live cells in real time without exogenous labeling or genetic modification (2, 3, 15) . Using a tightly focused laser beam to optically trap single cells within the laser focus and generate inelastically scattered photons as the laser interacts with the cell's intrinsic molecular bonds, LTRS can be used to acquire a Raman spectrum of the cell noninvasively and nondestructively. As such, Raman spectra offer a fingerprint of vibrating chemical bonds that varies with the physiologic growth state (4, 11, 12) and have been used to distinguish bacterial species and strains (1, 8, 9, 14) . LTRS is attractive in its ability to characterize single cells and detect cellular changes in response to antibiotics, which may allow the early detection of bacterial resistance or the identification of small subpopulations with unique metabolic, phenotypic, or antimicrobial responses (resistance). Such capabilities make this technology of great potential interest for clinical and diagnostic purposes.
Prior studies in which Raman or UV resonance Raman spectroscopy were used to distinguish bacterial strains and species, monitor bacterial growth phases, or evaluate the influence of antibiotics on bacteria analyzed bulk cell populations. Here, we make a valuable extension to this work by using LTRS to detect bacterial responses to antibiotics at a cellular level. In this proof-of-principle study, LTRS is used to characterize the effects of two different antibiotic treatments and concentrations on the growth and vibrational spectra of drug- cells from an overnight subculture was inoculated into 20 ml of Luria-Bertani broth (Gibco) and incubated at 37°C in a shaker incubator (225 rpm; Excella E25). Broth cultures were sampled, and optical density (OD; 600 nm) values and Raman spectra were obtained at 1-to 2-h intervals for 24 h and then every 10 h for 5 days. This procedure was repeated 10 times, 5 without antibiotics, 3 with penicillin G-streptomycin added, and 2 with cefazolin added. For the antibiotic exposure studies, laboratory-grade penicillin G-streptomycin (Gibco 1552) was used at final concentrations of 1 vol% (100 units penicillin/ml [1ϫ to 4ϫ MIC] and 100 g streptomycin/ml [12ϫ to 50ϫ MIC]) and 5 vol% (500 units penicillin/ml [5ϫ to 20ϫ MIC] and 500 g streptomycin/ml [60ϫ to 250ϫ MIC]); cefazolin (Cura Pharmaceutical) was used at a final concentration of 100 , respectively, comparing cells during normal growth (dashed curve) to cells during drug exposure (solid curves, black). Raman peak trends for the exposure to 100 g/ml cefazolin are also shown (solid curves, red). Standard deviations are given for each data point on the curves. Statistically relevant differences between peak trends for cells during normal growth and drug exposure are observable as early as 4.5 h after drug exposure. While differences in all 3 peaks mentioned above are observed for the treatment with penicillin G-streptomycin, exposure to cefazolin resulted in different trends only for the 729 cm Ϫ1 and 1,245 cm Ϫ1 peaks and not for the 1,660 cm Ϫ1 Raman peak.
on October 15, 2017 by guest http://jcm.asm.org/ g/ml (50ϫ MIC). In all cases, the drug was added 3.5 h after the inoculation of the culture (end of log phase). Published MICs of penicillin, cefazolin, and streptomycin for E. coli ATCC 25922 were used (5). A modified inverted microscope (10) with a continuouswave laser at 785 nm (CrystaLaser) focused with a water immersion microscope objective (Olympus 60ϫ/1.2) was used to acquire Raman spectra of individual, optically trapped bacterial cells. One hundred microliters of bacteria in LB was added to 1 ml phosphate-buffered saline (PBS) in a cell chamber (Attofluor; Molecular Probes) with a fused-silica microscope coverslip bottom. On average, five suspended bacterial cells were optically trapped at a time. The cells were interrogated for 60 s with 28 mW of laser power to obtain a Raman spectrum. Approximately 75 cells were interrogated for each growth curve time point. Figure 1A shows the E. coli growth curve with and without antibiotic treatment. The optical density of the culture decreased with antibiotic treatment, and the magnitude of this effect increased at higher drug concentrations. Using these growth curves as a reference, the Raman spectra of treated and nontreated bacterial cells were compared at several time points. As an illustration, the mean Raman spectra at early stationary phase (t 2 , 10 h after inoculation, equivalent to 6.5 h after drug was added) for normal growth and growth during penicillin G-streptomycin exposure are presented in Fig. 1B . The largest differences in these Raman spectra are visible in the peaks at 729 cm Ϫ1 , 1,245 cm Ϫ1 , and 1,660 cm Ϫ1 . To further investigate this, the Raman difference spectra between 4 h (t 1 ) and 10 h (t 2 ) were plotted for normal growth and growth under treatment with 1 vol% and 5 vol% penicillin G-streptomycin ( Fig. 2A through C) . The spectral differences in the 729 cm Ϫ1 , 1,245 cm Ϫ1 , and 1,660 cm Ϫ1 peaks are also visible in these plots. The time dependences of the relative changes in the intensities of these peaks were plotted for normal growth and antibiotic treatment in Fig. 2D , E, and F. The maximum intensity and the intensity values of the two neighboring channels were added for each Raman peak to obtain the intensity values used in these peak time traces. These values were normalized to the peak intensities at the 4-h time point after inoculation. Unlike the normal growth spectra, no increase in the 729 cm Ϫ1 or 1,245 cm Ϫ1 Raman peak intensity was observed when antibiotics were present. However, an increase in the 1,660 cm Ϫ1 peak was detected which was not observed during normal growth. The P values for the 729 cm Ϫ1 , 1,245 cm Ϫ1 , and 1,660 cm Ϫ1 peak intensities at the 4.5-h time point for 1 vol% penicillin G-streptomycin exposure were calculated to be 5.6 ⅐ 10 Ϫ9 , 4 ⅐ 10 Ϫ13 , and 7.2 ⅐ 10 Ϫ5 , respectively. The P values for 5 vol% drug treatment were of the same order of magnitude. The time point at which cellular drug response can be spectroscopically distinguished from normal cell growth was after approximately 4.5 h of drug exposure. A similar Raman spectral response was observed for treatment of E. coli cells with cefazolin, as shown in the time traces of relative changes in peak intensities for the Raman frequencies 729 cm Ϫ1 and 1,245 cm Ϫ1 ( Fig. 2D and E) , suggesting that this may represent a shared response to ␤-lactam antibiotics. These differences may reflect physiologic changes in the cellular adenine environment during growth that occurred only in the absence of antibiotics. (11) However, unlike the penicillin G-streptomycin treatment, no increase in the 1,660 cm Ϫ1 Raman peak was observed during treatment with cefazolin (Fig. 2F) , consistent with a specificity of this Raman spectroscopic response to aminoglycoside exposure. Previous studies showed that ribosomes display a strong Raman peak at 1,660 cm Ϫ1 (6), and streptomycin treatment has been associated with intracellular accumulation of 70S ribosome monomers (7) .
Principal component analysis (PCA) (13) was performed on the Raman spectra to generate two-dimensional scattergrams that simplify data presentation for visualizing the extent of the separation of the cell population groups under normal and antibiotic growth conditions. The spectral region from 710 cm Ϫ1 to 1,280 cm Ϫ1 containing the most significant changes was used. Figure 3 shows the principal component 2 (PC2) versus principal component 1 (PC1) scatter plots for normal growth (culture 1) and growth under drug exposure (culture 2). Before the addition of antibiotics (culture 2), the Raman spectra are identical for both growth curves and colocalize in the PCA plot (blue region in Fig. 3 ). The time from the initial drug exposure to the observable separation by Raman spectra was between 30 min (4 h after inoculation) and 11.5 h (15 h after inoculation), as indicated in Fig. 3 by the gray and green shaded regions for normal growth and antibiotic treatment, respectively.
In conclusion, we demonstrate that Raman spectroscopy combined with PCA is sufficiently sensitive and discriminatory to separate antibiotic-treated bacteria from untreated cells using an antibiotic-susceptible strain of E. coli. Specific Raman spectroscopic markers of E. coli response to ␤-lactam and or aminoglycoside treatment are also identified. Future studies will evaluate this technology using additional antibiotics and FIG. 3 . Principal component analysis (PCA) scatter plot of E. coli Raman spectra for normal growth and growth during exposure to 5 vol% (500 units per ml/500 g per ml) penicillin G-streptomycin. Raman spectra representative of normal growth (black crosses and gray-shaded area) clearly separate from spectra measured during drug exposure (green triangles and green-shaded area) within the time frame of 4 h to 15 h after culture inoculation (drug added about 3.5 h after inoculation). Normal-growth-specific spectra (red crosses) colocalize with spectra of the culture exposed to drug (blue circles) before the addition of antibiotics (0.5 h to 2.5 h after inoculation of culture). This is marked in the plot with a blue-shaded area. 
